Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) are tricarboxylic acid cycle enzymes that catalyze conversion of isocitrate to a-ketoglutarate, operating in the cytosol and mitochondria, respectively. Recently, Parsons et al. 1 described that IDH1 is mutated in 12% of glioblastomas, followed by the Yan et al.'s 2 report showing a high frequency (80%) of IDH1 mutations at the R132 residue and less frequent IDH2 mutations at the R172 residue in grade II-III gliomas and secondary glioblastomas. IDH1 and IDH2 were shown to be also mutated in 7.7-9.9% and 15.4% of acute myeloid leukemia (AML) cases, respectively, especially those having normal karyotypes. More recently, both gene mutations were found in other myeloid neoplasms, including myeloproliferative neoplasms and myelodysplastic syndrome (MDS), and were associated with a high rate of MDS-AML transformation and poor prognosis. [3] [4] [5] In hematopoietic neoplasms, all reported IDH1 mutations involved the R132 residue, while IDH2 mutations involve either the R172 or the R140 residue.
These mutations are thought to result in loss-of-function of these enzymes and prevent a-ketoglutarate production from isocitrate in a dominant-negative manner, which in turn leads to activation of the HIF-1a pathway. 6 On the other hand, Dang et al. 7 and Ward et al. demonstrated that mutant IDH1 and IDH2 also showed gain-of-function that promotes production of 2-hydroxyglutarate (2HG) from a-ketoglutarate, which is thought to be oncogenic. However, the relative contribution of loss-offunction and gain-of-function to oncogenesis is still unclear.
Here, we report mutations of both IDH1 and IDH2 in a series of 171 cases with MDS or related myeloid neoplasms, where the complete status of genome-wide copy numbers and mutations of major MDS-related genes, including c-CBL, RUNX1, TP53, FLT3ITD, JAK2, NRAS and KRAS genes, were previously investigated. 8 Our series included 28 cases with AML, 35 with chronic myelomonocytic leukemia (CMML), 3 with refractory anemia (RA), 69 with RA with excess of blasts (RAEB), 1 with RA with ringed sideroblasts (RARS), 25 with refractory cytopenia with multilineage dysplasia (RCMD), 4 with MDS-unclassified (MDS-U), and 6 with 5q-syndrome, according to the new World Health Organization classification. Mutations of IDH1 and IDH2 were examined with genomic DNA isolated from bone marrow by direct sequencing of the PCR-amplified exon 4 of both genes as previously described. 2 This study was performed under the regulation of the ethics committee at the Faculty of Medicine, University of Tokyo. Abbreviations: AML with MLD, acute myeloid leukemia with multilineage dysplasia; CMML, chronic myelomonocytic leukemia; IDH, isocitrate dehydrogenase; MDS, myelodysplastic syndrome; mut, mutation; RAEB, refractory anemia with excess blasts; RCMD, refractory cytopenia with multilineage dysplasia; wt, wild type.
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In total, 9 IDH1 (5.2%) and 7 IDH2 (4.2%) mutations were identified (Table 1) . IDH1/2 mutations were most frequently found in RAEB (14.4%), followed by RCMD (8%), transformed AML (7.1%) and CMML (5.7%). There were conflicting reports regarding the frequencies of IDH2 mutations in MDS. While similar frequencies of IDH1 and IDH2 mutations were observed by Kosmider et al., 5 Thol et al. 3 reported no IHD2 mutations in their 193 MDS cases showing 3.6% mutation rate for IDH1. In our series, on the other hand, IDH2 mutations were found to have a frequency comparable to that of IDH1 mutations, although all IDH2 mutations were R140Q, with no R172 mutations that are common in brain tumors, and also have been reported in the previous literatures on AML, myeloproliferative neoplasm and MDS. All mutations were heterozygous and no sample had both mutations occurring simultaneously. All but one of the IDH1 mutations corresponded to amino-acid conversions previously reported in AML and glioblastoma, including four R132C, three R132 and one R132L mutations. The remaining one was a nonsense mutation (CGA4TGA) at the R100 residue (Figure 1 ). The R100X mutation was most likely to result in loss-of-enzymatic function of IDH1, because it truncates all the enzymatically active domains of the protein.
IDH1/2 mutations were found in 8 out of 72 cases with normal karyotypes (cases 2, 3, 5, 8, 10, 12, 13 and 16), but 5 of them showed abnormalities in SNP array analysis, although none of them had poor-prognosis karyotypes such as complex chromosomal abnormalities. Pardanani et al.
9 reported frequent IDH mutations in cases with simple del(5q) (4/16, or 25%), but in our series none of four such cases had the mutations. Coexisting mutations of other genes were found in 5 of the 16 cases with IDH mutations, including mutations in c-CBL in one case, RUNX1 in two cases, TP53 in another and JAK2 in the other case. RAS mutations were found in 13 cases, but none of them coexisted with IDH mutations. No statistical difference in the clinical outcomes was observed between cases with and without IDH mutations.
In the past reports, IDH1 mutations were confined to the R132 residue. It is predicted that the consequences of these mutations at this position will be the structural alteration of the protein to a closed, active conformation, which has a higher affinity to NADPH þ , loss of three hydrogen bonds with isocitrate, and reorganization of the active sites via the positional shift of Y139 and K212 0 . 7 These are thought to facilitate the synthesis of 2HG from a-ketoglutarate (gain of function) rather than conversion of isocitrate to a-ketoglutarate. However, the R100X mutation truncates most amino-acid residues that contact substrates, including R100 and R132, and, thus, is thought to abrogate all enzymatic activities without side effects, such as the synthesis of 2HG from a-ketoglutarate. This is the first example that represents pure loss-of-function of IDH1. Our findings will provide an interesting insight into the mechanism by which IDH1 mutations promote the development of human cancers.
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The authors declare no conflict of interest. Protein geranylgeranyltransferase type I (GGTase-I) is responsible for the prenylation of several proteins, such as the RHO family proteins, that contribute to tumor development and metastasis. Inhibiting GGTase-I, to interfere with the activity of the RHO family proteins, has been viewed as a potential strategy for cancer therapy. Several inhibitors against GGTase-I have been developed and a clinical trial is ongoing. 1 However, the efficacy and toxicity among different GGTase-I inhibitors have varied widely, which have made it difficult to distinguish mechanism-related effects from off-target effects. 2, 3 The rationale for targeting GGTase-I was supported by genetic studies in mice: inactivating Pggt1b, the gene encoding GGTase-I, reduced tumor development and improved survival in mice with K-RAS-induced lung cancer. 4 Nothing is yet known about the impact of inhibiting GGTase-I on the development of hematologic malignancies.
To approach this issue, we bred mice harboring a conditional knockout allele of Pggt1b (Pggt1b fl ), 4 a latent Cre-inducible Kras2 LSL allele (K) and an interferon-inducible Mx1-Cre transgene (M). Injection of double-stranded RNA (pI-pC) into KM mice switches on the expression of oncogenic K-RAS (K-RAS G12D ) in hematopoietic cells and results in a progressive and lethal myeloproliferative disease (MPD) with myeloid leukocytosis, tissue infiltration, hepatosplenomegaly and hypersensitivity of hematopoietic cells to growth factors; 10-30% also develop thymic lymphoma/T-cell acute lymphoblastic leukemia (T-ALL). [5] [6] [7] However, the Mx1-Cre transgene triggers Cre and K-RAS G12D expression in many other tissues and results in lung adenocarinoma and large squamous papillomas in the gastrointestinal tract and skin. 6, 7 We argued that the widespread tumor formation in pI-pC-injected KM mice would complicate efforts to define the impact of GGTase-I deficiency on the development of K-RASinduced MPD. To attempt to overcome this issue, we collected fetal liver cells from Pggt1b G12D allele and inactivation of the Pggt1b fl allele in peripheral blood of the transplanted mice. Genotyping was performed as described. 4 (c) Western blots of whole-cell lysates from bone marrow using an antibody recognizing nonprenylated RAP1A (sc-1482; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Actin was used as a loading control (A2066; Sigma-Aldrich). Western blots were performed as described.
